INTRODUCTION
The genus Proteus includes five named species: Proteus vulgaris, Proteus mirabilis, Proteus penneri, Proteus hauseri and Proteus myxofaciens and three unnamed genomospecies 4, 5 and 6. However, recent phylogenetic analysis of strains of the genera Proteus, Morganella and Providencia suggested reclassification of P. myxofaciens into a new genus, Cosenzaea gen. nov., as a novel species Cosenzaea myxofaciens (Giammanco et al., 2011) . The serological specificity of Proteus strains is defined by the chemical structure of the O-polysaccharide chain (O-antigen) of the LPS. Based on the O-antigens, strains of two species, P. mirabilis and P. vulgaris, were classified first into 49 Oserogroups (Kauffman, 1966) . Later immunochemical investigations of Proteus LPS resulted in partial reclassification of strains and creation of 21 new O-serogroups (O51, O52, O56, O58-O73, O77 and O78) for strains of P. mirabilis, P. penneri, P. hauseri, P. myxofaciens and Proteus genomospecies 4 and 6 (Perepelov et al., 2004; Torzewska et al., 2001; Zych et al., 2000; Drzewiecka et al., 2004; Zych et al., 2005; Drzewiecka et al., 2008; Drzewiecka et al., 2010) . Further studies have shown that most of the 18 strains of P. mirabilis and P. vulgaris described by Penner & Hennessy (1980) and Larsson et al. (1978) fall into serogroups established previously, and seven new serogroups (O50, O53-O55, O57, O74, O75) have been proposed for the remaining strains Arbatsky et al., 2007; Kołodziejska et al., 2006; Kondakova et al., 2003; Perepelov et al., 2006; Zabłotni et al., 2005) . Recently, the structures of the O-antigens of all these O-serogroups and their serological relationships have been summarized (Knirel et al., 2011) . reported previously as the N-acyl substituent of 4-amino-4,6-dideoxy-D-glucose in the O-polysaccharides of P. vulgaris HSC 438 and Providencia alcalifaciens O35 as well as the LPS core of Proteus mirabilis O6 and O57 (Kocharova et al., 2009) , but its absolute configuration remained unknown. Based on the unique chemical structure of the O-polysaccharide and only a weak crossreactivity of O-antiserum against P. vulgaris HSC 438 with strains of other Proteus O-serogroups, it was proposed to classify the strain studied into a new Proteus serogroup, O76.
METHODS
Bacterial strains, growth and isolation of the lipopolysaccharide. P. vulgaris HSC 438 isolated from a sick child at the Hospital for Sick Children, Toronto, Canada, was gifted by Professor John L. Penner from the Center for Diseases Control and Prevention (Atlanta, GA). LPSs of P. mirabilis O6, O57, P. vulgaris O15, O19a and P. penneri O70 were from the collection of the Department of General Microbiology, University of Łó dź, Poland. Dry bacteria were obtained from aerated liquid cultures. LPS of P. vulgaris HSC 438 was isolated by phenol-water extraction of bacterial mass (Westphal & Jann, 1965) and purified by precipitation of protein and nucleic acid contaminations with aqueous 50 % CCl 3 CO 2 H at 4 uC followed by dialysis of the supernatant.
Isolation and O-deacetylation of the O-polysaccharide. Acid degradation of LPS was performed with 2 % aqueous acetic acid at 100 uC until lipid A precipitation (approximately 2 h). The precipitate was removed by centrifugation (13 000 g, 20 min), and the supernatant was fractionated by gel-permeation chromatography on a column (5062.6 cm) of Sephadex G-50 Superfine (Amersham Biosciences) in 0.05 M pyridinium acetate buffer pH 4.5 monitored using a differential refractometer (Knauer). A high-molecular-mass O-polysaccharide was obtained with a yield of 15 % of LPS mass.
An O-polysaccharide sample (15 mg) was treated with 12 % aqueous ammonia for 16 h at 37 uC; after evaporation an O-deacetylated polysaccharide was isolated by gel filtration on a column (8061.6 cm) of TSK HW-50 (Merck) in 0.1 % aqueous acetic acid monitored as described above.
Sugar analyses. A sample of the O-deacetylated polysaccharide (0.5 mg) was hydrolysed with 2 M CF 3 CO 2 H (120 uC, 2 h), the monosaccharides were converted conventionally into the alditol acetates and analysed by GLC on a HP-5ms column (25 m6 0.25 mm) using a Hewlett Packard 5890 instrument and a temperature gradient of 160 uC (1 min) to 250 uC at 3 uC min
21
. The absolute configurations of the monosaccharides were determined by GLC of the acetylated (S)-2-octyl glycosides (Leontein & Lönngren, 1993) , using a Hewlett Packard 5880 instrument equipped with a DB-5 column under the same chromatographic conditions as above.
Identification of alanopine. An O-polysaccharide sample (40 mg) was treated with triflic acid for 2 h at 7 uC; after neutralization with 10 M NaOH at 0 uC, the products were fractionated on a Sephadex G-25 column (10064 cm) in 0.1 % acetic acid and analysed by NMR spectroscopy. The alanopine-containing fraction was hydrolysed with 4 M CF 3 CO 2 H (120 uC, 2 h), and the products were fractionated by HPLC using a Bio-Rad instrument on a DE-Silasorb column (25064 mm) in 2 % acetic acid (1 ml min
) to give alanopine (0.6 mg), with the same elution time as the authentic alanopine sample. Its structure was confirmed by NMR spectroscopy and GLC of the acetylated (S)-2-octyl ester obtained by methanolysis with 1 M HCl in methanol (85 uC, 2 h) followed by N-acetylation with a 1 : 1 acetic anhydride : pyridine mixture (85 uC, 1 h) and treatment with (S)-2-octanol (100 ml) in the presence of CF 3 CO 2 H (15 ml) (100 uC, 1 h). The authentic alanopine samples for comparison were derived from synthetic (2S,4S)-, (2S,4R)-and (2R,4R)-alanopine (Kawashiro et al., 1984 Polyclonal O-antiserum and serological assays. Polyclonal Oantiserum against P. vulgaris HSC 438 was obtained by immunization of rabbits with heat-inactivated bacterial suspension (1.5610 10 cells ml 21 in doses of 0.25, 0.5 and 1.0 ml). The animals were bled 9 days after the last injection. Enzyme immunosorbent assay (EIA), passive immunohaemolysis (PIH), absorption experiments, silver-stained SDS-PAGE using 12.5 % acrylamide gel and Western blot were performed as described previously (Sidorczyk et al., 2002) .
RESULTS AND DISCUSSION
Elucidation of the O-polysaccharide structure LPS was isolated from dried bacterial cells of P. vulgaris HSC 438 by the phenol-water procedure (Westphal & Jann, 1965) . The O-polysaccharide was obtained by mild acid hydrolysis of LPS followed by gel-permeation chromatography on Sephadex G-50.
Monosaccharide analysis by GLC of the acetylated alditol acetates revealed almost equal amounts of glucose, galactose, glucosamine and fucosamine (FucN). GLC of the acetylated (S)-2-octyl glycosides showed the L configuration of FucN and the D configuration of the other monosaccharides. Previously, it has been reported that, in addition to these monosaccharides, the O-polysaccharide contains an alanopine (Alo) derivative of 4-amino-4,6-dideoxyglucose (Qui4N) (Kocharova et al., 2009 ). This sugar is largely destroyed in the course of acid hydrolysis, thus the D configuration of Qui4N was determined without its release from the polysaccharide using known regularities in 13 C NMR chemical shifts (see below).
For determination of the absolute configuration, alanopine was isolated by HPLC after solvolysis of the polysaccharide with triflic acid followed by hydrolysis with 4 M CF 3 CO 2 H. Its structure as N-(1-carboxyethyl)alanine had been established previously by NMR spectroscopy (Kocharova et al., 2009) . GLC analysis of the acetylated (S)-2-octyl ester showed that the isolated alanopine stereoisomer is different from the meso-form, but did not allow distinguishing between the (2S,4S) and (2R,4R) isomers. The specific optical rotation [a] D 22 +12.7 u (water) showed that alanopine has the (2S,4S) configuration [compare published data (Karrer & Appenzeller, 1942) O-deacetylated polysaccharides (Table 1) . The most significant changes were observed for H6/C6 and H5/C5 cross-peaks of Gal, which were split into two series of similar intensities: one at d 3.71/62.5 and 3.92/72.0 for the non-O-acetylated residue and the other at d 4.18, 4.32/65.5 and d 4.11/69.8 for the O-acetylated residue, respectively. These displacements were evidently due to O-acetylation at position 6 of about half of the Gal residues.
Based on the data obtained, it was concluded that the Opolysaccharide of P. vulgaris HSC 438 has the following structure, which is unique among known structures of bacterial polysaccharides, where the degree of O-acetylation of Gal is approximately 50 % (Fig. 2) .
A peculiar feature of the studied O-polysaccharide is the presence of alanopine as an N-acyl substituent of 4-amino-4-deoxy-D-quinovose. Alanopine on Qui4N has been reported also as a component of the O-polysaccharide of Providencia alcalifaciens O35 and the LPS core of Proteus mirabilis O6 and O57 (Kocharova et al., 2009) . Remarkably, in polysaccharides of Proteus, Providencia and some other Gram-negative bacteria, Qui4N often bears various uncommon N-acyl substituents, including amino acids and their derivatives (e.g. Kondakova et al., 2004 ; see also the Bacterial Carbohydrate Structure Database at http://csdb.glycoscience.ru/bacterial/).
Serological studies of the lipopolysaccharide
Lipopolysaccharides from 94 Proteus strains were examined using PIH and EIA with polyclonal rabbit O-antiserum against P. vulgaris HSC 438. These strains represented all O-serogroups within the genus Proteus described up to now, including strains of P. mirabilis (40), P. vulgaris (27), P. penneri (24) and one strain each of P. myxofaciens, P. hauseri and Proteus genomospecies 4 and 6.
A strong reaction was observed only for the homologous LPS, which also showed a high inhibitory activity (a minimal inhibitory dose was 2 mg in both tests). A crossreactivity was observed for five LPSs from P. mirabilis O6 and O57, P. vulgaris O15 and O19a and P. penneri O70 (Table 2 ), but they reacted significantly more weakly than the homologous LPS and none of them inhibited PIH in the homologous haemolytic system of P. vulgaris HSC 438 O-antiserum/P. vulgaris HSC 438 alkali-treated LPS.
In Western blot (Fig. 3) , P. vulgaris HSC 438 O-antiserum clearly recognized both slow-and fast-migrating bands of the homologous LPS and that of P. mirabilis O6, which corresponded to high-and low-molecular-mass species consisting of the core lipid A moiety with or without Opolysaccharide attached, respectively. Only fast-moving bands of LPSs of P. vulgaris O15, P. mirabilis O57 and P. penneri O70 and only slow-migrating bands of LPS of P. vulgaris O19a bound antibodies.
The reactivity of P. vulgaris HSC 438 O-antiserum with all antigens tested was completely abolished when it was absorbed with the homologous LPS, whereas absorption with the cross-reactive LPSs only slightly decreased the reactivity in the homologous system (titre changed from 1 : 51 200 to 1 : 25 600) ( decreased the reactivity of P. mirabilis O6 LPS only (titre changed from 1 : 3200 to 1 : 1600 or 1 : 800, respectively), and double absorption with the two LPSs completely abolished this reaction. Therefore, P. mirabilis O6 shares one epitope with P. mirabilis O19a and another epitope with P. mirabilis O57. The serological findings combined with the data of the Opolysaccharide and LPS core structures enabled inferring of putative epitopes in common responsible for the crossreactivity (Fig. 4) . Epitope a appears to be associated with b-D-Quip4NAlo, which is present in the O-polysaccharide of P. vulgaris HSC 438 (most likely as the last monosaccharide of the repeating unit and, consequently, of the whole polysaccharide chain) and in the LPS core of P. mirabilis O6 and O57 as the terminal sugar residue (Kocharova et al., 2009; Vinogradov & Perry, 2000) .
Epitope b, shared by P. vulgaris HSC 438 and P. mirabilis O6, is linked presumably to a common a-L-FucpNAc-(1A3)-b-D-GlcpNAc disaccharide fragment of the Opolysaccharides (Cedzyń ski et al., 1998) . Accordingly, in Western blot, HSC 438 O-antiserum recognized both highand low-molecular-mass LPS species of P. mirabilis O6, but only the latter of P. mirabilis O57. Furthermore, absorption of P. vulgaris HSC 438 O-antiserum with P. mirabilis O6 LPS completely abolished the reaction with P. mirabilis O57 LPS, whereas absorption with P. mirabilis O57 only decreased the reactivity with P. mirabilis O6 (Table 3) . Epitope b occurs also on the O-polysaccharide of P. vulgaris O19a (Vinogradov et al., 1989; Perepelov et al., 2004) (Fig. 4) , and this finding is in agreement with absorption data too (see above).
A common epitope responsible for the cross-reactivity of HSC 438, P. vulgaris O15 and P. penneri O70 is evidently located on the LPS core (Fig. 2) , but it could not be inferred as the core structures of these strains have not been elucidated.
As the observed serological cross-reactions were significantly weaker than the reaction of the homologous LPS, we propose to classify P. vulgaris HSC 438 to a new Oserogroup designated Proteus O76.
